Although chromium ions exist in several oxidation states, Cr(III) and Cr(VI) predominate in the ambient environment. Chromium(III) is essential to humans and other animals due to its role in glucose and cholesterol metabolism, whereas Cr(VI) has many industrial applications and is very toxic. 1, 2 Occupational exposure to chromium occurs from chromate processing, stainless-steel production, chrome plating and tanning industries. 3 Due to the severe toxicity of Cr(VI), a total chromium measurement cannot be used to determine the actual environmental impact. 4, 5 Thus, the chemical speciation of chromium in environmental samples is necessary for accurate assessments of pollution levels.
Occupational exposure to chromium occurs from chromate processing, stainless-steel production, chrome plating and tanning industries. 3 Due to the severe toxicity of Cr(VI), a total chromium measurement cannot be used to determine the actual environmental impact. 4, 5 Thus, the chemical speciation of chromium in environmental samples is necessary for accurate assessments of pollution levels.
The methods cited in the literature for the determination of both Cr(VI) and Cr(III) include spectrophotometry, [6] [7] [8] fluorometry, 9, 10 inductively coupled plasma, 11 atomic emission spectrometry, 12 atomic absorption spectrometry, 13, 14 X-ray fluorescence spectrometry, 15 differential pulse polarography, 16 adsorptive stripping voltammetry, 17, 18 and high-pressure liquid chromatography. 19 Many of these methods, however, involve several time-consuming manipulation and extraction steps, derivatization reactions and are liable to various interference, not applicable to colored and turbid solutions and require sophisticated instruments.
Potentiometric sensors for the determination of Cr(VI) have been suggested as an alternative simple technique. These are based on the use of chromate complexes with bathophenanthroline, 20 quaternary ammonium ions, [21] [22] [23] [24] [25] quaternary phosphonium ions, 26, 27 and crystal violet 28 as electroactive materials dispersed in polymeric membranes. Some of these sensors, are not applicable for determining chromium at concentration levels < 10 -3 or 10 -4 mol l -1 , display a non-Nernstian response, suffer from the interference by many cations and anions and require a long time for stable response. 20, 21, 27 The present paper describes the preparation and characterization of a novel potentiometric sensor for Cr(VI). This is based on the use of an ion-associate complex of rhodamine-B cation with the chromate anion in a poly(vinyl chloride) matrix membrane plasticized with o-nitrophenyloctyl ether. The proposed sensor has some significant advantages over many previously reported chromium sensors, 20, 21 since it offers a lower detection limit (1 × 10 -6 mol l -1 ), covers a wider working concentration range (1 × 10 -1 -5 × 10 -6 mol l -1 ), displays a faster response time (10 -20 s) and exhibits a higher selectively in the presence of many common interfering ions. The sensor is satisfactory used for the accurate determination of Cr(III) and Cr(VI) ions in industrial wastewater, either singly or sequentially.
Experimental

Apparatus
Potentiometric measurements were carried out at 25 ± 1˚C with an Orion pH/mV meter microprocessor Ionalyzer (Model 720 The construction and performance characteristics of a novel chromate ion-selective membrane sensor are described and used for determining chromium(III) and chromium(VI) ions. The sensor is based on the use of a rhodamine-B chromate ion-associate complex as an electroactive material in a poly(vinyl chloride) membrane plasticized with o-nitrophenyloctyl ether as a solvent mediator. In a phosphate buffer solution of pH 6 -7, the sensor displays a stable, reproducible and linear potential response over the concentration range of 1 × 10 -1 -5 × 10 -6 mol l -1 with an anionic Nernstian slope of 30.8 ± 0.5 mV decade -1 and a detection limit of 1 × 10 -6 mol l -1 Cr(VI Reagents and materials All chemicals and reagents used were of analytical reagent grade unless otherwise stated, and doubly distilled water was used throughout. High-molecular-weight poly(vinyl chloride) (PVC), o-nitrophenyloctyl ether (o-NPOE), dioctylphthalate (DOP), dibutylsebacate (DBS) and potassium chromate were supplied from Fluka. Rhodamine-B (RB) and tetrahydrofuran (THF) were obtained from Riedel-De-Haen. A standard stock solution (1 × 10 -1 mol l -1 ) of potassium chromate was prepared by dissolving 1.942 g in 100 ml of a phosphate buffer of pH ∼7. Dilute chromate solutions (1 × 10 -2 -1 × 10 -7 mol l -1 ) at pH ∼7 were freshly prepared by diluting the stock solution with the phosphate buffer. A 1 × 10 -2 mol l -1 stock solution of rhodamine-B was prepared by dissolving 0.479 g of the reagent in a minimum volume of distilled water, followed by filtration and dilution to 100 ml with distilled water.
Rhodamine-B chromate ion pair complex
Rhodamine-B chromate complex was prepared by mixing 20 ml of 1 × 10 -2 mol l -1 potassium chromate with 40 ml of 1 × 10 -2 mol l -1 rhodamine-B. The mixture was shaken for 10 min and the produced precipitate was filtered off through a Whatman filter paper No. 42, washed with deionized water, dried at room temperature and ground to a fine powder.
Rhodamine-B chromate membrane sensor
A 10 mg portion of the rhodamine-B chromate ion-associate complex was thoroughly mixed with 190 mg of PVC powder and 360 mg of o-nitrophenyloctyl ether plasticizer in a glass Petri dish (5 cm diameter). The mixture was dissolved in ∼5 ml of freshly distilled THF, covered with filter paper and left to stand overnight to allow slow evaporation of the solvent at room temperature. A transparent PVC master membrane with an average thickness of ∼0.1 mm was obtained, sectioned with a cork borer (10 mm i.d.), glued to polyethylene tubing (7 mm i.d.) and used to prepare the sensor, as previously described.
30,31
Sensor calibration
Aliquots (10 ml) of standard Cr(VI) solutions (1 × 10 -1 -1 × 10 -7 mol l -1 ) in phosphate buffer of pH ∼7 were transferred to 50 ml beakers, stirred and thermostated at 25 ± 1˚C. The chromium membrane sensor in conjunction with a double junction Ag/AgCl reference electrode were immersed in the test solution.
The potential readings were recorded after stabilization to ±0.2 mV and the e.m.f. was plotted versus logarithm [Cr(VI)].
The calibration plot was used for subsequent measurements of Cr(VI) in unknown test solutions. The detection limit was taken at the point of intersection of the extrapolated linear segments of the calibration curve.
Sensor selectivity
The potentiometric selectivities of the sensor towards different inorganic cations in the nitrate form and several anions in the form of potassium or sodium salts were determined by the separate solutions technique. 30, 32 The potential responses of 1 × 10 -3 mol l -1 of both Cr(VI) and the interfering ions in separate aliquots in phosphate buffer of pH ∼7 were measured. The selectivity coefficients were calculated from the rearranged Niclosky equation, 30, 33 log K
where ECrO 4 and EB are the potential readings observed after 1 min of exposing the sensor to the chromate and the interfering ions, ZCrO 4 and ZB are the charges of the chromate and interfering species B, respectively, and S is the slope of the calibration plot (mV per concentration decade).
Determination of chromium(III)
A 10 ml portion of solutions containing 10 -100 µg Cr(III) was transferred into a 50 ml Erlenmeyer flask, followed by the addition of 10 ml of 20% v/v hydrogen peroxide. The solution was adjusted to pH 7 -9 with a dilute NaOH solution. The reaction mixture was boiled for 5 min, left to cool, quantitatively transferred to a 50 ml volumetric flask and completed to the mark with phosphate buffer of pH ∼7. The produced Cr(VI) was determined as described above. A blank experiment was run to correct for the reagent effect.
Sequential determination of Cr(III) and Cr(VI)
A 10 ml aliquot of Cr(III)/Cr(VI) mixtures was transferred to a 50 ml beaker, and Cr(VI) was directly determined as described above. To a separate 10 ml aliquot of the test solution, a 10 ml hydrogen peroxide (20% v/v) was added and the pH was adjusted to pH 7 -9. The mixture was boiled for 5 min. After cooling, the solution was transferred to a 50 ml volumetric flask and completed to the mark with a phosphate buffer of pH ∼7. The total contents of Cr(VI) equivalent to those originally present and Cr(III) after conversion into Cr(VI) were determined as described above and Cr(III) was calculated based on the difference.
Sequential determination of Cr(III) and Cr(VI) in wastewater
Wastewater samples from electroplating and aluminum painting plants were collected in polyethylene containers, and adjusted to pH ∼7 with phosphate buffer. A 1 -25 ml aliquot of the samples was transferred to a 50 ml volumetric flask and completed to the mark with phosphate buffer of pH ∼7. The potential of a 10 ml aliquot of the solution was measured as a function of the Cr(VI) content. The total chromium [(Cr(III) + Cr(VI)] was measured in a second 10 ml aliquot of the sample test solution after boiling with 10 ml H2O2 (20% v/v) for 5 min in a slightly alkaline solution (pH 7 -9), as described above.
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Results and Discussion
Characterization of rhodamine-chromate ion-associate complex
A preliminary investigation showed that chromate ions were selectivity extracted with rhodamine-B (Fig. 1) at pH ∼7 in organic solvents (e.g., benzene, toluene and chloroform). The electronic spectrum of the extract displayed three absorption maxima at 248, 344 and 528 nm, compared to those exhibited at 260, 352, 404 and 553 nm by rhodamine-B reagent (Fig. 2) . No change in the absorption spectra of the reagent in the presence of NO3 -, PO4 3- , SO4
2-and Cl -ions was noticed. The composition of the red purple rhodamine-B chromate ion-associate complex in solution was determined by the continuous variation method. 34 
Performance characteristics of chromium membrane sensor
Rhodamine-B chromate ion-associate complex was incorporated in PVC membranes plasticized with o-NPOE, DBS and DOP solvent mediators, and used as membrane sensors for the potentiometric determination of Cr(VI) in aqueous solutions. The sensors were evaluated at ambient temperature according to the IUPAC recommendations. 32 The data showed that the composition of the membrane constituents affected both the potentiometric response and the selectivity of the sensor. A membrane with the composition 2:63:35 wt% chromium complex, o-NPOE and PVC, respectively, exhibited the best response characteristics for Cr(VI) with a Nernstian anionic slope of 30.8 ± 0.5 mV decade -1 over the concentration range 1 × 10 -1 -5 × 10 -6 mol l -1 (correlation coefficient 0.998, n = 5). The limit of detection, evaluated according to the standard methods 32 from the intersection of the two extrapolated segments of the calibration graph, was found to be 1 × 10 -6 mol l -1 (i.e., 0.2 µg ml -1 ) Cr(VI). The general performance characteristics remained constant when evaluated with different sensor membranes with the same composition and at different times of the membrane operative life. The main analytical features of the developed Cr(VI) sensor are summarized in Table 1 , and a typical calibration plot is shown in Fig. 3 .
The response time (t95) of the chromium sensor was tested by measuring the time required to achieve 95% of the steady potential response at pH ∼7 for 10 -3 and 10 -2 mol l -1 after successive immersion in a series of Cr(VI) solutions with one decade difference, starting from low to high concentration. The response time required for the sensor to reach values within ± 0.5 mV of the final equilibrium potential ranged from 30 -40 s in solutions ≤ 1 × 10 -3 mol l -1 to 10 -20 s at concentrations ≥ 1 × 10 -3 mol l -1 . The sensor displayed constant-potential readings within ±1 mV from day-to-day, and the calibration slope remained constant within ±1 mV decade -1 over a period of 8 weeks without any hysterias phenomenon. After 9 weeks, the calibration slope declined by -5 mV decade -1 , the linear range gradually decreased and the response time increased to 1 -1.5 min. This behavior is attributed to a possible leaching of the ion-associate complex from the membrane matrix.
Effect of pH
Chromium(VI) ions in aqueous solution exist as chromate (CrO4 
, hydrogen dichromate (HCr2O7 -), trichromate (Cr3O10 2-) and tetrachromate (Cr4O13 2-) anions, depending on the pH of the solution. 35 The last three ions have been detected in solutions of pH < 0 or at Cr(VI) concentration greater than 1 mol l -1 . At pH ≤ 0, H2CrO4 is a significant species; at pH = 2 -6, HCrO4 -and Cr2O7 2-species occur together; and at pH > 6, CrO4 2-ions predominate. The dependence of the potential response of the sensor over a wide range of pH 2 -10 was investigated with different concentrations of standard Cr(VI) solutions. The pH of the test solutions was adjusted with dilute HCl and/or NaOH.
The potential-pH profiles of the sensor for 10 -2 and 10 -3 mol l -1 Cr(VI) are shown in Fig. 4 . A steady potential was obtained over the pH range 5.5 -8. At pH < 5.5, the e.m.f. of the sensor sharply decreased and the calibration slope approached the Nernstian slope of mono-charged anion due to the formation of monovalent hydrogen chromate HCrO4 -and/or hydrogen dichromate HCr2O7 -anions via the following reactions: 20, 35 675 ANALYTICAL SCIENCES JUNE 2005, VOL. 21 Under these conditions, both HCrO4 -and HCr2O7 -displayed a slope of 45 mV decade -1 . At pH > 8, the potential readings of the sensor decreased due to interference caused by the hydroxyl ions and a decrease of the activity of CrO4 2-ions. All subsequent measurements were performed in a phosphate buffer solution of pH ∼7.
Effect of a membrane solvent mediator
Three PVC membrane sensors containing rhodamine-B chromate ion-pair complex with DOP, DBS and o-NPOE plasticizers were prepared and tested for a Cr(VI) assessment by measuring the calibration slope, sensitivity and lower limit of detection.
The performance characteristics of a sensor incorporating o-NPOE plasticizer showed a good response for as low as 2 × 10 -6 mol l -1 for Cr(VI). In addition, the repeatability of the sensor response at room temperature was much better, faster and stable than other sensors with membranes plasticized with DOP or DBS, which showed a narrower linear response range (1 × 10 -4 -1 × 10 -1 mol l -1 ), a smaller calibration slope (-26.0 ± 0.5, -22.5 ± 0.5 mV decade -1 ) and a higher limit of detection (1 × 10 -5 -8 × 10 -4 mol l -1 ).
Sensor selectivity
The potentiometric selectivity coefficients, K pot CrO4,B , of the developed chromate membrane sensor depend on the selectivity of the ion-exchange process at the membrane-sample interface, the mobility of the test ions in the membrane and the free energy for the transfer of chromate ions between the aqueous and organic phases. The hydrophobic interaction between the primary ions and the organic membrane controlled the sensor selectivity. 36 Table 2 depicts the obtained selectivity coefficients data. It can be seen that for the anions (chloride, bromide, nitrate, selenite, sulfite, thiosulfate, sulfate, citrate, acetate, phosphate and oxalate), the selectivity coefficients are on the order of 10 -3 -10 -4 , indicating no significant interference.
This was confirmed by measuring the electronic spectra of the extract of rhodamine-B in the presence of these ions where no change of the RB spectrum was observed due to the presence of any of these ions. 
Analytical applications
A rhodamine-B chromate PVC membrane sensor was tested for the determination of a 10 -50 µg ml -1 certified reference Cr(VI) solution. The average recovery ranged from 96.7 to 98.1% and the mean standard deviation was ±0.3% (n = 10).
Certified reference Cr(III) solutions (10 -50 µg ml -1 ) were also determined after prior oxidation to Cr(VI) with alkaline H2O2. Hydrogen peroxide in an aqueous alkaline solution was found to be the most suitable oxidizing agent for quantitative conversion of Cr(III) into Cr(VI). Excess H2O2 was easily decomposed by boiling, and the produced Cr(VI) was determined under the optimized experimental conditions. An average recovery of 98.7% and a mean standard deviation of ±0.3% were obtained (n = 10).
Binary synthetic mixtures of Cr(III) and Cr(VI) ions were next determined by a direct measurement of Cr(VI) in one aliquot, followed by the oxidation of Cr(III) to Cr(VI) in a second aliquot with H2O2 and assay of the total chromium ions. The results given in Table 3 show average recoveries of 98 ± 2.0 - 101 ± 1.0 and 101 ± 1.0 -102.5 ± 2.5% for Cr(III) and Cr(VI) ions, respectively. The analytical usefulness of the developed sensor was examined for the determination of hexavalent and trivalent chromium ions in some industrial wastewater samples collected from the effluents of electroplating exhaust baths, chromate baths and aluminum painting wastewater effluents; the results are given in Table 4 . Most of the tested samples from electroplating wastes contained different concentrations of Au 3+ , Cu 2+ , Ni 2+ and Ag + ions beside the chromium species. The data indicated that cyanide ions, if present in the electroplating effluent, reduces Cr(VI) to Cr(III), but the treatment step with H2O2 destroys the excess CN -and converts all Cr(III) to Cr(VI). In aluminum painting wastewater, both Cr(III) into and Cr(VI) are detected in the range of 2.7 -9.1 µg ml -1 and 16.1 -18.4 µg ml -1 , respectively. A comparison of these data with results obtained using the AAS method showed a close agreement within ±0.1 -0.5 µg ml -1 (±0.8 -3.7%). An F-test revealed that there was no significant difference between the mean and variances of the two sets of results. The inherent advantages of the proposed potentiometric assay method are the excellent selectivity, applicability to a wide concentration range of Cr(VI) in turbid and colored solutions, fast response, simple assembly, high accuracy, good precision and low cost.
Conclusions
A chromium PVC membrane sensor has been developed based on the use of rhodamine-B chromate as a novel electroactive material. The sensor is used for the sequential determination of Cr(III) and Cr(VI) ions. It provides a simple, fast, cost effective and reliable technique for the precise, reproducible and accurate determination of chromium ions. The sensor exhibits an anionic Nernstian response of 30.8 ± 0.5 mV decade -1 at pH 5.5 -8 and a high selectivity towards Cr(VI) with respect to many anions and cations. The detection limit is 1 × 10 -6 mol l -1 and the linear range is 1 × 10 -1 -5 × 10 -6 mol l -1 . Results obtained for the assay of chromium ions in the wastewater of some industries compared favorable well with data obtained by atomic absorption spectrometry. ANALYTICAL SCIENCES JUNE 2005, VOL. 21 
